Second-order nonlinear optics can be used to quantitatively determine the orientation of chemical bonds or submoieties of a fairly complicated molecule at an interface, and therefore completely map out its orientation and conformation. As a specific example, we have studied pentyl-cyanoterphenyl molecules at the air-water interface. We have measured the orientation of all three parts of the molecule ͑cyano head group, terphenyl ring, and pentyl chain͒ by optical second-harmonic generation and infrared-visible sum-frequency generation. A quantitatively consistent picture of the molecular configuration has been obtained. The technique can be applied to situations where other methods would fail ͑e.g., the surface of neat liquids or buried interfaces͒.
I. INTRODUCTION
Our ability of surface characterization directly affects the progress of surface science, a field of great importance to many disciplines ranging from physics and chemistry to life science and modern electronic technology. Among the various surface properties, molecular orientation is of special interest for its relevance to a wide variety of interesting phenomena such as adhesion, lubrication, catalysis, and biomembrane functions.
1 Many experimental techniques exist for surface studies, 2, 3 but only a few can give quantitative information about molecular orientation at an interface. Each has its own shortcomings. Electron scattering 4 and electronenergy-loss spectroscopy, 5 or any other techniques involving particle scattering can only be operated with samples in high vacuum. Neutron scattering 6, 7 and x-ray diffraction 7 require large experimental facilities or the studied surface must be to certain extent crystalline. The latter is also true for optical techniques like Brewster angle microscopy 8, 9 and Brewster angle autocorrelation spectroscopy. 10 Other optical techniques, such as infrared 11, 12 ͑IR͒, Raman, 13, 14 or ultraviolet visible 15 spectroscopy and ellipsometry, 16 can be applied to any interfaces accessible by light, but they usually lack sufficient surface specificity to discriminate against bulk contributions.
Recently, second-harmonic generation ͑SHG͒ and sumfrequency generation ͑SFG͒ have been developed into very useful surface analytical probes. [17] [18] [19] [20] [21] [22] They possess all the common advantages of optical techniques, namely, nondestructive, highly sensitive with good spatial, temporal, and spectral resolution, and applicable to any interfaces accessible by light. Being second-order nonlinear optical processes, they are forbidden in media with inversion symmetry, but allowed at interfaces where the inversion symmetry is necessarily broken. Consequently, they are intrinsically surface specific for interfaces between centrosymmetric media. If the input or output frequency is tuned over resonances the output is expected to be resonantly enhanced. Thus, SHG and SFG can also serve as surface spectroscopic tools. While SHG has been used to probe electronic transitions, 17, 18, 21 IRvisible SFG allows studies of surface vibrational resonances. [20] [21] [22] [23] [24] In both cases, the process is governed by a rank-three second-order nonlinear susceptibility tensor that characterizes the nonlinear response of the surface. Determination of the nonvanishing susceptibility elements from SHG or SFG can provide information on the average orientation of the molecules or selected sections of the molecules at an interface. [25] [26] [27] [28] [29] [30] [31] [32] [33] SHG probes electronic response of the surface molecules and is often less selective. Near a resonance, however, it could still be dominated by contribution from a selected part of the molecules. IR-visible SFG probes vibrational resonances that are generally associated with specific moieties or functional groups on the molecules. Thus, in principle, these techniques allow us to selectively study different parts of the molecules, particularly their orientations, and completely map out the orientation and conformation of the molecules at the surface or interface. In this paper, we would like to show that this is indeed the case.
We choose 4Љ-n-pentyl-4-cyano-p-terphenyl ͓5CT, CH 3 ͑CH 2 ͒ 4 ͑C 6 H 4 ͒ 3 CN͒ molecules at the air-water interface as a demonstrating system in our experiment. The 5CT molecules are amphiphilic and can form a Langmuir monolayer on water surface. Characterizing the molecular orientation and structure of Langmuir monolayers is of great importance, as they are often used as model systems for studying the function and structure of biomembranes, 34 which are mainly composed of one or two of such monolayers. For our purpose, a 5CT molecule can be divided into three sections: a cyano head group, a terphenyl ring, and an alkyl chain ͑see As a check, we can compare the deduced 5CT conformation with the accepted one. However, as shown in Sec. II, the analysis to deduce the orientation of a moiety from SHG or SFG relies on the knowledge of the effective refractive index nЈ for the interfacial layer. In previous studies, nЈ was usually chosen to be equal to the refractive index of one of the two neighboring media, 25, [35] [36] [37] and the deduced orientation would depend on the value of nЈ. In some studies, nЈ was taken as the bulk refractive index of the monolayer material, 36, 38 and in others, it was estimated from certain measurements 27, 29, [39] [40] [41] ͑ellipsometry, Kramers-Kronig analysis, etc͒. In this paper, we show that in order for our results to be physically reasonable and the deduced 5CT molecular conformation to be consistent with the commonly accepted one, we must have a value of nЈ different from the bulk refractive index of 5CT and intermediate between those of the neighboring media, namely, air and water. With nЈ ϭ1.18Ϯ0.04, we find that the 5CT molecules adsorbed at the air/water interface with a tilt angle of 51.5°Ϯ1.5°from the surface normal. This experimentally determined value for nЈ is justified with a simple model calculation.
The paper is organized as follows. In Sec. II, we describe the basic theory of surface SHG and SFG measurements that can yield information on molecular orientations. Section III sketches the experimental system and the sample preparation method. The experimental results are presented in Sec. IV, describing how results are obtained and analyzed for the three sections of the 5CT molecule separately: alkyl chain, cyano group, and terphenyl ring. Then a brief discussion section concludes the article.
II. THEORY
The basic theory of SHG and SFG as general surface analytical probes has been described elsewhere [17] [18] [19] [20] [21] [22] and will not be repeated here. However, for the work to be reported in this paper, we need a careful description of how we can derive molecular orientation information from SHG and SFG. We generally treat an interfacial system as a three-layer system ͑Fig. 2͒ composed of two centrosymmetric media 1 and 2 and an interfacial layer. The interfacial layer can be either a bare interface or an interface with a layer of adsorbates. In the special case we shall discuss later, medium 1 is air and medium 2 water, and the interface has a 5CT monolayer adsorbed on water. Under the irradiation of two optical fields E 1 and E 2 with frequencies 1 and 2 , respectively, a second-order nonlinear polarization P (2) (ϭ 1 ϩ 2 ) is generated in the interfacial layer
where eff (2) (ϭ 1 ϩ 2 ) is the effective second-order nonlinear susceptibility tensor of the interface. For IR-visible SFG, 1 is in the visible range and 2 in the IR range. For SHG, 1 ϭ 2 and E 1 ϭE 2 . Under the electric-dipole approximation, the nonlinear polarization generated in media 1 and 2 must vanish due to inversion symmetry. The interfacial polarization sheet is then often the dominating source of radiation for SFG and SHG in the reflected direction. The sumfrequency intensity in the reflected direction is given by
where n i (⍀) is the refractive index of medium i at frequency ⍀, ␤ is the reflection angle of the sum-frequency field, I 1 ( 1 ) and I 2 ( 2 ) are the intensities of the two input fields. The effective nonlinear susceptibility eff (2) takes the form of
with ê(⍀) being the unit polarization vector and L(⍀) the Fresnel factor at frequency ⍀.
In the case of an azimuthally isotropic interface, there are only four independent nonvanishing components of (2) . With the lab coordinates chosen such that z is along the interface normal and x in the incidence plane, they are xxz ϭ yyz , xzx ϭ yzy , zxx ϭ zyy , and zzz . These four components can be deduced by measuring SFG with four different input and output polarization combinations, namely, SSP ͑referring to S-polarized sum-frequency field, S-polarized E 1 , and P-polarized E 2 , respectively͒, SPS, PSS, and PPP. The effective nonlinear susceptibilities under these four polarization combinations can be expressed as where ␤ i 's are the incidence angles of the optical field E i , and
In the above equations, nЈ(⍀) is the refractive index of the interfacial layer, ␤ is the incidence angle of the beam in consideration, and ␥ is the refracted angle ͓n 1 (⍀)sin ␤ ϭn 2 (⍀)sin ␥͔. Since the interfacial layer is only one ͑or a few͒ monolayer thick, its refractive index can be different from that of its own bulk material and difficult to measure. 42 It is therefore the usual practice that nЈ(⍀) is chosen to be equal to either n 1 (⍀), n 2 (⍀), or the bulk refractive index of the material at the interface. However, as noticed previously 27, 29, 36 and shown later in this paper, the determination of molecular orientation is quite sensitive to the value of nЈ(⍀), and choosing nЈ(⍀) to be equal to n 1 (⍀) or n 2 (⍀) is not always a good approximation.
In the case of SHG, the last two subindices of i jk are interchangeable. 43 Thus, there are only three nonvanishing independent components, xxz ϭ yyz ϭ xzx ϭ yzy , zxx ϭ zyy , and zzz . They can be deduced from measurement with three different input and output polarization combinations, PS, SM, and PP. Here, the first and second letters denote the output and input polarization, respectively, and M refers to the polarization midway between S and P. The effective nonlinear susceptibilities take the forms
In the case where the interface is composed of molecules, (2) is related to the molecular hyperpolarizability ␣ (2) by i jk
where N s is the surface density of molecules, ͑i,j,k͒ and ͑,,͒ are unit vectors along the lab and molecular coordinates, respectively, and l is a tensor describing the microscopic local-field correction and the angular brackets denote an average over the molecular orientational distribution. As discussed in the Appendix, in the determination of molecular orientation at an interface, the effect of l͑⍀͒ can be lumped into the refractive index nЈ(⍀) in Eq. ͑5c͒. We can then omit l ii ,l j j ,l kk in Eq. ͑7͒ and write i jk
In many cases of SHG and SFG, ␣ (2) can be associated with a well-defined section or moiety of the surface molecules. If ␣ (2) is known, then the average orientation of the moiety can often be deduced from measurements of i jk (2) using Eq. ͑8͒. For example, this is the case for molecules possessing a rodlike charge-transfer chromophore. Surface SHG has become a commonly adopted technique to measure monolayer orientation of such molecules. With IR-visible SFG, if the IR frequency ( 2 ) is near vibrational resonances, ␣ (2) and (2) can be written as
where the subscript NR refers to nonresonant contribution, ␣ q ( q ), q , and ⌫ q denote the strength, resonant frequency, and damping constant of the qth vibrational mode, respectively. Each mode may be associated with a particular moiety on the molecule. Again, if ( q ) i jk can be obtained from the resonant feature in the SFG spectrum, and (␣ q ) is known, then the average orientation of the selected moiety may be deduced. Before ending this section, we will discuss a special case, relevant to our study. In this case, and 1 are both far away from electronic resonances and the moiety is cylindrically symmetric with symmetry axis along , so that there are only two nonvanishing independent components in ␣ (2) , ␣ (2) ϭ␣ (2) , and ␣ (2) . where ␣ϭ␣ , rϭ␣ /␣ , and is the polar angle of the symmetry axis with respect to the lab z axis. Due to the high symmetry in the hyperpolarizability tensor, the number of nonvanishing independent components is reduced to three. They can be deduced from SFG measurement with three different input and output polarization combinations, for example, SSP, SPS, and PPP. Since an absolute determination of N s ␣ is not of interest here, we can determine more conveniently from the measurements the ratios of independent nonvanishing components. Then from Eq. ͑11͒, we can find the orientation and the depolarization ratio r of the moiety by assuming a ␦-function distribution for .
III. EXPERIMENTAL SECTION
In the IR-visible SFG experiment, an active-passive mode-locked Nd: yttrium aluminum garnet ͑YAG͒ laser at 1064 nm with 25 ps pulsewidth and 20 Hz repetition rate was employed as the master light source. Its frequency-doubled output at 532 nm was used as the visible input. The tunable IR beam was generated in a AgGaS 2 crystal by differencefrequency mixing of the fundamental of the Nd:YAG laser with the output of an optical parametric generator/amplifier system pumped by the third harmonic of the laser. 44 The visible and IR beams were overlapped at the sample spatially and temporally with incidence angles 44°and 57°, respectively. The pulse energies and beam sizes were 1.5 mJ and 1.2 mm for the visible input and 70 to 110 J and 0.6 mm for the infrared. The SF output in the reflected direction ͑re-flected angle 45.5°͒ was detected by a photomultiplier with gated electronics after proper spatial and spectral filtering. In the SHG experiment, a frequency-doubled Q-switched mode-locked Nd:YAG laser at 532 nm and 500 Hz repetition rate was used as the fundamental beam. The secondharmonic output was again measured by a photomultiplier with gated electronics after a set of spectral filters. In both cases, the signal was attenuated when necessary to avoid saturation of the detection system. The 5CT Langmuir monolayer was prepared by dissolving 5CT crystals ͑EM Industries͒ in chloroform ͑J. T. Baker, spectranalyzed grade͒ and spread on ultrapure water ͑resis-tivity of 18.3 M⍀•cm, Barnstead Easy-Pure͒ in a Teflon Langmuir trough. The film was then compressed slowly and the surface pressure was monitored by a Wilhelmy plate and a microbalance. The resulting pressure-area isotherm is shown in Fig. 3 . All the SHG and SFG measurements were done on films with area per 5CT molecule around 28 Å 2 . We also used in the experiment a full hexadecanol monolayer on water as a reference sample. It was prepared by placing a small crystal of hexadecanol on the surface of ultrapure water. The hexadecanol molecules spontaneously spread to form a stable full monolayer.
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IV. RESULTS
The 5CT molecule is composed of a CN head group, a terphenyl-ring chromophore, and a C 5 alkyl chain. We discuss here the results of SFG and SHG measurements on the average orientation of each segment separately.
A. Alkyl chain
We used SFG spectra of CH stretch modes to determine orientation and conformation of the alkyl chain of 5CT. Figure 4 shows the spectra of the 5CT Langmuir monolayer in this range, at three different input and output polarization combinations, SSP, SPS, and PPP. The solid curves in the figure were obtained by fitting using Eq. ͑10͒; the fitting parameters are listed in Table I . The peak assignments in the spectra of Fig. 4 are well known. 45 The vibrational modes at approximately 2875, 2960, and 2940 cm Ϫ1 can be assigned, respectively, to the symmetric (r ϩ ) and antisymmetric (r Ϫ ) stretches of the terminal CH 3 group of the alkyl chain and the Fermi resonance (r FR ϩ ) between the symmetric CH 3 stretch and its bending mode. The weak modes at ϳ2850 and ϳ2920 cm Ϫ1 can be assigned to the symmetric (d ϩ ) and antisymmetric (d Ϫ ) stretches of the CH 2 groups on the chain, respectively. The fact that the strengths of these modes are essentially negligible compared to those of CH 3 groups suggests that the alkyl chains are nearly all trans and contain few gauche defects. 46 The orientation of the terminal CH 3 group can be determined by analyzing its symmetric stretch mode. 47 This mode has C 3v symmetry and can only be excited if the IR polarization is along the symmetry axis. As a result, there are only two nonvanishing independent elements in the hyperpolariz- ability tensor, ␣ and ␣ ϭ␣ ϭr␣ . The polar angle and depolarization ratio r can then be deduced from the q 's listed in Table I following Eqs. ͑4͒, ͑5͒, and ͑11͒. Using 48 n 2 (VIS)ϭ1.337, n 2 (IR)ϭ1.393ϩ0.013i, n 2 (SF) ϭ1.343 and assuming nЈϭn 1 ϭ1 for all frequencies, we obtain ϭ39°͑ϩ2°, Ϫ5°͒ and rу5. 5 . This large value for r is physically unreasonable. Although the value for r is not agreed upon in the literature, it usually ranges from 1.66 to 3.5. 27, 33 From the known bond geometry of the CH 3 group, one finds that r cannot be larger than 4.2. The value deduced from Raman measurements and used in a previous SFG work is 2.3Ϯ0.3. 32 We find that the same difficulty appears in the SFG results of hexadecanol monolayers on water as well. The IR-visible SFG spectra of a hexadecanol monolayer are shown in Fig. 5 with the fitting parameters given in Table II . Following the same procedure, we can again determine and r for the terminal CH 3 groups of the hexadecanol monolayer. However, the r ϩ mode in the SPS spectrum is nearly absent, so that we can only assess an upper value for ( rϩ ) SPS , leading to a range of possible solutions: 0°ϽϽ28°and rϾ3.3. A fully packed hexadecanol monolayer on water forms a twodimensional crystalline structure and has been well studied by x-ray diffraction. 49 The hexadecanol chain has been found to be tilted 15.8°and 2.8°from the surface normal along the crystalline b and a axes of the monolayer, respectively. Furthermore, the two molecules in a unit cell have the planes of their hydrocarbon chains forming a dihedral angle of 120°. From this known herringbone arrangement of the molecules, we find that half of the CH 3 groups have a polar angle of 24.8°and the other half 20.6°. With this orientation for hexadecanol molecules, the values of r that are consistent with the spectra in Fig. 5 are 6 .6ϽrϽ14.9, which again are physically unreasonable. We also notice in Figs. 4 and 5 that the CH 3 symmetric stretch peak is one order of magnitude stronger for hexadecanol than for 5CT. This would be difficult to understand if the above values of for hexadecanol and 5CT were correct, knowing that the areas per molecule for hexadecanol 49 and 5CT ͑20 Å 2 versus 28 Å 2 ͒ are comparable. All these difficulties seem to have originated from our assumption nЈϭ1 in the analysis. In fact, Bain and coworkers also found a similar inconsistency in analyzing the SFG spectra for a dodecanol monolayer. 27 They concluded that in order to obtain the known upright orientation for dodecanol molecules, they must assume nЈХ1.2 if r is taken to be 3.5.
It should be mentioned that taking a ␦ function for the orientational distribution of surface molecules is not the reason for the unphysical values of r deduced from our data, with the assumption of nЈϭ1. Introducing a tilt distribution does not bring the value of r within the physically reasonable limits (1.5ϽrϽ4) for values of components within our accuracy. In the following, we resolve this problem by simultaneously determining nЈ, 5CT and r using the hexadecanol monolayer as a reference.
With the known orientation for hexadecanol molecules from the x-ray diffraction measurements, the number of parameters to be determined is reduced to three: 5CT , r, and nЈ. The SFG spectra in Figs. 4 and 5 give us five independent ratios of (2) 16 OH͒, from which the three parameters can be derived. However, the ratio SPS / SSP ͑C 16 OH͒ is very small and subject to a very large uncertainty, since the r ϩ peak in the SPS spectrum of hexadecanol is practically absent. Also, the ratio SSP ͑5CT͒/ SSP ͑C 16 OH͒ depends on the ratio of surface densities of the two monolayers, which is an extra source of uncertainty. Therefore, we chose to use only the ratios SPS / SSP ͑5CT͒, PPP / SSP ͑5CT͒, and PPP / SSP ͑C 16 OH͒ in order to determine 5CT , r, and nЈ, with the other two used only for consistency check. Following Eqs. ͑4͒, ͑5͒, and ͑11͒, we can calculate these three ratios as a function of 5CT , r, and nЈ, assuming the known value of Х23°for hexadecanol deduced from the x-ray diffraction results. 49 The parameters 5CT , r, and nЈ can then be determined by solving simultaneously the three equations. The results obtained are 5CT ϭ54°͑ϩ14°, Ϫ8°͒, rϭ2.5͑ϩ1.7,Ϫ1.0͒, and nЈϭ1.18 Ϯ0.04. The assumptions used in the above calculation are that r and nЈ for 5CT and hexadecanol are the same and the dispersion of nЈ is negligible. That r is the same in both cases is to be expected, considering that in both cases we are dealing with the terminal CH 3 group of an all-trans alkyl chain. Neglecting variations in nЈ due to dispersion or the slightly different densities of the two monolayers is a simplifying assumption. However, the errors introduced by such an approximation are within the experimental uncertainty in determining nЈ. Note that the deduced value of r agrees well with the Raman results. Using the values of r and nЈ deter- Table  II . This shows that our procedure is selfconsistent and supports the choice of nЈϭ1.18 for both monolayers. This value of nЈ is lower than bulk refractive indices of hexadecane 50 (nϭ1.43), hexadecanol 50 (nϭ1.44), and 5CT ͑Ref. 51͒ ͑n e ϭ1.89, n 0 ϭ1.54͒ but is not unreasonable since the CH 3 group is in contact with air and therefore has only a partial screening by nearby neighboring molecules. In the Appendix, we support this choice of nЈ with a simple calculation based on a modified Lorentz model for local-field correction at the interface. In principle, the values for nЈ for other moieties in the monolayer could be different, but in the following we will use the same nЈ for all moieties and show that our results give a self-consistent picture of the molecular geometry at the interface.
B. Cyano group
We used the CN stretch peak in SFG spectra to determine the orientation of the CN bond in 5CT. The spectra are shown in Fig. 6 , where the single peak can be attributed to the stretching of the cyano triple bond. Fitting the spectra with Eq. ͑10͒ gives the resonant frequency, damping constant and strengths of this mode listed in the last row of Table I . The hyperpolarizability tensor of this mode again has only two nonvanishing independent components ␣ and ␣ ϭ␣ ϭr␣ with along the triple-bond direction. Using Eqs. ͑4͒, ͑5͒, and ͑11͒, we can deduce and r for the CN bond from the measured ratios SPS / SSP and PPP / SSP . Taking 48 n 2 (VIS)ϭ1.337, n 2 (IR)ϭ1.315 ϩ0.011i, n 2 (SF)ϭ1.342, and using nЈϭ1.18Ϯ0.04 as determined above from the CH spectra, we find that ϭ53°Ϯ 3°and rϭ0.25Ϯ0.03. In this case, we have no a priori reason to choose nЈϭ1. 18 . Considering that the CN groups are buried under the monolayer, in contact with water, we would expect nЈ to be somewhat larger than 1.18, possibly close to the value of bulk water (nϭ1.34). This would lead to smaller and r. We shall come back to this point in the discussion section.
C. Terphenyl chromophore
We determined the orientation of the terphenyl chromophore by SHG. This has been studied before with a less complete measurement and analysis. 35 As is well understood, the SHG from 5CT comes mainly from the terphenyl part where the electron cloud is highly delocalized, yielding a large optical nonlinearity. Therefore, SHG can be used to selectively measure the orientation of the chromophore. As discussed in the Sec. II, only three nonvanishing independent components exist for an azimuthally isotropic surface, which can be determined by measuring SHG with polarization combinations PS, SM, and PP. To extract information on the chromophore orientation from these components, once again we need to have some knowledge about the hyperpolarizability tensor. In this case, the second harmonic frequency is in resonance with an electronic transition of 5CT involving an excited state that has an electron redistribution along the long axis of the terphenyl ring . 35 Therefore, the ␣ (2) components whose first index is should be dominant. We will also assume that the terphenyl ring is cylindrically symmetric about the axis. This assumption is motivated by the fact that the phenyl rings in the chromophore do not lie all in the same plane: paraterphenyl molecules have twist angles between adjacent phenyl rings ranging from 15°to 27°in a low-temperature phase.
52 5CB molecules ͑similar to 5CT, but with only two phenyl rings͒ have a twist angle of 26°in the crystalline phase 53 and 38°in the nematic phase. 54 With these assumptions, the hyperpolarizability tensor contains two significant nonvanishing independent elements ␣ and ␣ ϭ␣ ϭr␣ . From the experimentally determined ratios SM / PS ϭ1.16Ϯ0.04 and PP / PS ϭ0.55Ϯ0.05, we deduce ϭ50.0°Ϯ2.5°and rϭ Ϫ0.050Ϯ0.006 for the terphenyl chromophore using Eqs. ͑5͒, ͑6͒, and ͑11͒ ͓with the first and last subindices of i jk exchanged in Eq. ͑11͔͒ and 48 n 2 (VIS)ϭ1.337, n 2 (SH) ϭ1.381, and nЈϭ1.18Ϯ0.04. Again, we have no a priori reason to choose nЈϭ1.18 here. A larger nЈ could yield a smaller . We also note that the above determined value of rϭϪ0.050 is quite small, implying that our assumption about the axial symmetry of the terphenyl core does not have a significant effect on the value of .
V. DISCUSSION
The chemical structure of 5CT molecule is shown in Fig.  1 . According to this picture, the polar angles of the cyano group and terphenyl chromophore should be equal to each other. If the alkyl chain takes an all-trans conformation, as suggested by the weakness of the d ϩ mode in the SFG spectrum of Fig. 4 , the polar angle of the terminal CH 3 group should also take the same value. The polar orientation deduced from our SHG and SFG measurement agrees well with this picture. The measured polar angles of the cyano group (53°Ϯ3°), terphenyl ring (50.0°Ϯ2.5°) and terminal CH 3 FIG. 6. SFG spectra for a 5CT monolayer on water in the CN stretch range. Circles, squares, and triangles are the experimental data obtained with SSP, PPP, and SPS polarizations, respectively. Solid lines are the fitting curves.
group ͓54°͑ϩ14°, Ϫ8°͔͒ all agree within the experimental uncertainty. Combining the above measurements we can conclude that the 5CT polar angle is 51.5°Ϯ1.5°. However, this orientation is quite different from the value obtained previously 35 for the chromophore ͑60°͒ from SHG measurements by assuming nЈϭ1, indicating again the importance of its proper determination. In this earlier measurement, the assumption of nЈϭ1 was supported by the linear relationship between the square root of SHG signal and monolayer density. This can only be true if nЈ does not depend on density, which is only true for nЈϭ1. However, from the scatter in the data and limited monolayer density range studied, a small change in linearity caused by nЈϷ1.2 at full coverage could not be easily detected.
We should now comment on the values of nЈ used in the data analysis. As shown by the simple calculation in the Appendix, the value nЈϭ1.18 determined from SFG measurements for the terminal CH 3 group is not unreasonable, considering that this group is right at the interface between air and the rest of the monolayer and therefore has only a partial screening by neighboring molecules. However, the use of nЈϭ1.18 for the analysis of terphenyl chromophore and CN orientations is less justifiable. Intuitively, one would expect that nЈ for the terphenyl chromophore and CN would assume values very close to the bulk refractive indices of the monolayer material and the water subphase, respectively. The polar angles obtained would be 30°for the terphenyl chromophore ͑taking nЈϭ1.60͒ and 41°for the CN group ͑taking nЈϭ1.34͒. These values are in clear disagreement with the CH 3 orientation, even with its large error bar. Therefore, the value of nЈ for the core part cannot be considerably larger than the value 1.18 determined for the CH 3 group. This suggests that the proper value for nЈ for the analysis of SFG or SHG measurements has to be determined with care. It may not necessarily be the same as the bulk refractive index of the material at the interface or the one determined by ellipsometry ͑n e Јϭ1.49, n 0 Јϭ1.46 for a dodecanol monolayer at the air/water interface 42 ͒, since the effective nЈ depends on the local-field correction and on which moiety being probed. In this paper, we have used a hexadecanol monolayer as a reference system of known orientation to determine nЈ. The same value of nЈ can then be used for other monolayers with CH 3 -terminated alkyl chains, as long as their surface densities are close to that of the hexadecanol monolayer.
To conclude, we have shown that the second-order nonlinear optical processes, SFG and SHG, can be used to quantitatively determine the average orientation of selective functional groups or moieties of surface molecules. The combined results allow us to completely map out the orientation and conformation of a fairly complicated molecule at an interface. The 5CT Langmuir monolayer is chosen as a demonstrating system. The orientations of all three parts of the molecule, cyano group, terphenyl ring, and pentyl chain, have been measured separately by optical SHG and SFG. The results give a quantitatively consistent picture of the molecular configuration if the appropriate refractive indices for the monolayer are used. The latter can be obtained from measurements on a similar monolayer of known orientation.
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APPENDIX
Here we hope to justify the value of nЈϭ1.18 determined for the hexadecanol and 5CT monolayers with a simple estimate of the local-field correction at the interface using a modified Lorentz model. 55 In calculating the orientation of a moiety, we need to know the ratio of (2) elements, for example, eff, SPS (2) / eff, SSP (2) . We consider the moiety at the interface between media 1 and 2 with refractive indices n 1 and n 2 , respectively. From Eqs. ͑4͒ and ͑7͒, we can write eff,SPS 
͑A3͒
This result can be proved to be true in general. To find nЈ, we must evaluate l zz and l yy . Consider the geometry shown in Fig. 7 , where we have assumed n 1 ϭ1 for simplicity. The extension to the case of n 1 1 is straightforward. We want to FIG. 7 . Slab model for calculation of local-field correction at the interface. The incident field E 0 is ͑a͒ parallel and ͑b͒ perpendicular to the interface.
calculate the local field at the point P at the surface for the input field parallel ͓Fig. 7͑a͔͒ or perpendicular ͓Fig. 7͑b͔͒ to the surface. The local field at P is the sum of the input field and the dipole fields generated by polarizations inside the hemisphere around P and in the rest of the semi-infinite medium. Because of the assumed isotropic symmetry of the medium, dipole field from the polarization in the hemisphere vanishes and E P is given by E P ϭE 0 ϩE surf , ͑A4͒
where E surf is the contribution from the bound charges at the slab surface, as shown in Fig. 7 . We can calculate E surf in the electrostatic limit. The results for E 0 parallel and perpendicular to the surface are The above equation gives nЈϭ1.22 for n 2 ϭ1.5 ͑close to the value for hydrocarbons͒ and nЈϭ1.15 for n 2 ϭ1.34 ͑close to the value for water͒. The value of nЈϭ1.18 we used in the data analysis is between these two values. This means that for any reasonable choice for n 2 the value of nЈ calculated from this simple model is close to 1.18, which, as we have shown in this paper, does give a consistent picture of the 5CT orientation and conformation within our experimental uncertainty. 
